In tall old forests, limitations to water transport may limit maximum tree height and reduce photosynthesis and carbon sequestration. We evaluated the degree to which tall trees could potentially compensate for hydraulic limitations to water transport by increased use of water stored in xylem. Using sap flux measurements in three tree species of the Pacific Northwest, we showed that reliance on stored water increases with tree size and estimated that use of stored water increases photosynthesis. For Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), water stored in xylem accounted for 20 to 25% of total daily water use in 60-m trees, whereas stored water comprised 7% of daily water use in 15-m trees. For Oregon white oak (Quercus garryana Dougl. ex Hook.), water stored in xylem accounted for 10 to 23% of total daily water use in 25-m trees, whereas stored water comprised 9 to 13% of daily water use in 10-m trees. For ponderosa pine (Pinus ponderosa Dougl. ex Laws.), water stored in xylem accounted for 4 to 20% of total daily water use in 36-m trees, whereas stored water comprised 2 to 4% of daily water use in 12-m trees. In 60-m Douglas-fir trees, we estimated that use of stored water supported 18% more photosynthesis on a daily basis than would occur if no stored water were used, whereas 15-m Douglas-fir trees gained 10% greater daily photosynthesis from use of stored water. We conclude that water storage plays a significant role in the water and carbon economy of tall trees and old forests.
Introduction
Water flow in trees is subject to frictional resistance that increases with path length (tree height and branch length) and gravity. As trees grow taller, increasing frictional resistance and gravitational potential may reduce leaf and whole-tree photosynthesis by forcing closure of leaf stomata (Friend 1993 , Yoder et al. 1994 , Ryan and Yoder 1997 , limiting CO 2 supply to sites of photosynthetic fixation, and decreasing photosynthetic carbon reduction (Tezara et al. 1999) . Hydraulic, genetic, respiratory and nutritional factors may limit photosynthesis and tree height growth in tall trees Yoder 1997, Becker et al. 2000) . All such limitations to photosynthesis in tall trees, and any mechanisms that tend to maintain photosynthesis in tall trees, are crucial to understanding the carbon assimilation potential of forests with tall trees (Suchanek et al. 2002) .
Water storage in plants is an adaptation that helps plants overcome drought (Holbrook 1995) . Water storage capacity varies considerably among plant species and growth form (Waring and Running 1978 , Hunt et al. 1991 , Goldstein et al. 1998 . Within species, it is not known if use of stored water on a daily basis changes with tree size, if stored water offsets limitations to water transport in tall trees, or if changes in use of stored water with tree size represent an adaptation to hydraulic constraints of tree size or are simply a consequence of tree size. Use of water stored in trunks and branches may allow leaves to operate at water potentials favorable for photosynthesis during peak daylight hours (Goldstein et al. 1998 , Stratton et al. 2000 , Maherali and DeLucia 2001 . Within branches or boles, stored water is derived from the elastic shrinkage of vascular tissues, capillary storage from air-water interfaces within xylem, and from cavitation of water-filled conducting cells (Tyree and Yang 1990) . Water storage and hydraulic capacitance are related: hydraulic capacitance is defined as water storage divided by the water potential difference that extracts that stored water. The specific subject of our study was water storage. Variation in water content of wood is largely confined to the conducting sapwood of trees rather than the nonconducting, inner heartwood (Stewart 1967 , Hinckley et al. 1978 , Holbrook 1995 .
The study objectives were to: (1) quantify the use of stored water in trees; (2) assess whether the use of stored water increases with tree size; and (3) estimate the effect of stored water use on the carbon economy of trees. The study was conducted during the growing season on three species in ecosystems that differ substantially in annual precipitation (Table 1). We measured water flux in boles and crowns of trees of different sizes, where all trees had the same exposure to light. We did not consider water stored in bark, phloem, roots and foliage of trees. Instantaneous differences in water flux between tree crowns and boles over 24-h periods indicated times when water was discharged from, or recharged into, boles of trees.
Materials and methods

Species and sites
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) trees were located in and near the Wind River Canopy Crane Research Facility in southern Washington State (45°49′ 13″ N, 121°57′ 06″ W). The facility is at an elevation of 368 m. Mean annual temperature is 8.7°C and mean precipitation is 2400 mm. Further site details are provided by Shaw et al. (2002) . Three dominant 15-m-tall trees and one dominant 60-m-tall Douglas-fir tree were selected for sap flow measurements during the 1998 and 1999 growing seasons. The 15-m trees were in an even-aged stand about 5 km from the crane site, at an elevation of 558 m. Additionally, sap flow data from the 1996 summer were available for a 57-m-tall Douglas-fir at the crane site (Èermák et al. 2002) .
Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) trees were located near Black Butte, Oregon, on the east slope of the Cascade range (44°25′ N, 121°40′ W), at an elevation of 1030 m. Mean annual temperature is 7.7°C and mean annual precipitation is 360 mm. Further site details are provided by Ryan et al. (2000) . Five open-grown 36-m-tall trees and five open-grown 12-m-tall trees were selected for sap flow measurements during the 1996 growing season.
Oregon white oak (Quercus garryana Dougl. ex Hook.) trees were located in the Willamette Valley, Corvallis, Oregon (44°34′ N, 123°15′ W), at an elevation of 90 m. Mean annual temperature is 11.1°C and mean annual precipitation is 1085 mm. Three 25-m trees and three 10-m trees, each from even-aged groves located about 100 m apart, were selected for sap flow measurements during the 1999 growing season. Further information about sites, trees, and sap flux measurements is provided in Table 1 .
Sap flux measurements
Sap flux sensors were installed in boles and upper branches of trees. Exposed upper branches were chosen to be representative of upper-crown flux. In Douglas-fir trees, the heat dissipation sap flux technique (Granier 1985) was used for all trees except for the 57-m tree from 1996, for which the heat balance technique was used (Kuèera et al. 1977 ). In the 57-m Douglas-fir tree, four sap flux sensors were spaced equally around the bole at a height of 4 m, and eight sap flux sensors 238 PHILLIPS, RYAN, BOND, MCDOWELL, HINCKLEY AND ÈERMÁK TREE PHYSIOLOGY VOLUME 23, 2003 were distributed from the base of the live crown (46 m) to the treetop branches. In the 60-m Douglas-fir tree, five sap flux sensors were positioned around the bole at a height of 3 m, at two depths in the 4.7-cm deep sapwood to account for radial flux profiles (Phillips et al. 1996) , and three upper-canopy branches were equipped with sap flux sensors. Although three upper-canopy branches represent a small portion of the total crown, correlations between 5-min sap fluxes among branches were high (mean r 2 = 0.94 at zero lags), indicating a fairly uniform temporal pattern of within-crown flux for comparison with the time series of bole flux. In each of the three shorter Douglas-fir trees, three sensors were located at about 1.5 m above ground, at two depths within the~4-cm deep sapwood. The trees were fitted with one sap flux probe in a representative upper branch and one probe in the upper main stem at mid-crown. Correlations among the three upper branches of the 15-m Douglas-fir trees were high (mean r 2 = 0.96 at zero lags), indicating a uniform temporal pattern of crown flux. In all Douglas-fir trees, sapwood depth was determined visually by inspection of 5-mm diameter increment cores taken in duplicate from near the vertical position of the sap flux sensors. Because we directly estimated sapwood depth, error in sapwood area estimates per tree was considered negligible. Sap flux data collection in Douglas-fir occurred at time intervals ranging from 30 s to 1 min for all trees and sensors, and values were averaged and stored at intervals ranging from 5 min (60-m and 15-m trees) to 15 min (57-m tree).
In ponderosa pine trees, the heat balance sap flow method was used in boles only. One to four sap flux gauges were placed 2-3 m above ground in each ponderosa pine bole, according to the procedure described by Ryan et al. (2000) . Sap flux measurements were collected every minute and averaged and stored every 15 min.
In Oregon white oak, the heat dissipation technique was used. On each 25-m white oak, five sensors were installed in boles about 3 m above ground, covering two depths in the sapwood (mean sapwood depth = 4.9 cm). On 10-m oaks, four sensors were installed in each bole about 1 m above ground, covering two depths in the sapwood (mean sapwood depth = 4.3 cm). In each 10-m and 25-m oak tree, the upper main stem and one upper-crown branch were equipped with sap flux sensors. In both 10-m and 25-m oaks, correlations among upper-crown branch sap fluxes were high (mean r 2 = 0.95 and 0.92 at zero lags, respectively), indicating a uniform temporal pattern of crown flux. Sapwood depths were determined directly in 10-m and 25-m trees using one to two increment cores each as described for Douglas-fir. Sap flux measurements were made every 10 s and averaged and recorded every 10 min.
All constant heat sap flux sensors were insulated with foam insulation covered by reflective aluminum foil and clear plastic waterproofing material. Heat dissipation sensors were insulated with reflective bubble wrap extending about 50 cm both above and below the vertical position of the sensors. Branch sap flux sensors were similarly insulated, with the addition of an underlying layer of plumbing pipe insulation.
Temperature differences between heated and reference probes of the heat dissipation sensors were converted to sap flux density (J S ; g m -2 sapwood s -1 ) based on an empirical calibration equation (Granier 1985) . Total tree water flux in boles (J; g s -1 ) was computed by multiplying flux density by sapwood area. For the heat balance sensors, flux was computed from the stem energy balance equation (Kuèera et al. 1977 ). The 24-h sums of mean branch and upper stem flux in Douglas-fir and Oregon white oak were averaged and set equal to the 24-h sum of bole flux to represent total crown water flux, similar to the approach described by Loustau et al. (1996) . Crown flux that exceeded bole flux represented water storage withdrawal, whereas bole flux that exceeded crown flux represented recharge. In ponderosa pine trees, because of a lack of branch-level sap flux sensors, daily stored water use was estimated as the proportion of water taken up by trees after photosynthetically active radiation reached zero in the evening (Morikawa 1974) .
To assess the influence of naturally occurring temperature gradients on the function of the heat dissipation sap flux sensors, bole and branch sensors in Douglas-fir were operated without heat on a clear day with high temperature variation. The natural diurnal temperature signals obtained were subtracted from the diurnal temperature signals from a day of nearly identical ambient temperature variation when heat was supplied to the probes. The mean maximum natural temperature gradient observed in a 24-h period in 60-m tree boles was 0.18 ± 0.12 (SD)°C and in 60-m tree branches it was 1.0 ± 0.38°C. The corresponding values for 15-m trees were 0.50 ± 0.17 and 1.2 ± 0.55°C. Sap flux estimates derived from raw temperature diurnal courses and those with temperature diurnals subtracted were highly linearly correlated at zero lag (mean r 2 = 0.99 for two boles, r 2 = 0.96 for three branches in 60-m trees; mean r 2 = 0.99 for three boles; r 2 = 0.96 for three branches in 15-m trees), indicating that the temporal pattern of estimated sap flux in Douglas-fir boles and branches was not significantly influenced by naturally occurring temperature gradients. In terms of total daily magnitudes of flux, the impact of natural temperature gradients was to reduce estimates of daily flux by 6% in the 60-m tree and 11% in 15-m trees. We could not apply this correction to the entire time series of daily flux because of the varying pattern of diurnal ambient temperature variation. However, the main purpose of this study was to assess the proportion of daily flux contributed by internal water storage. Because temperature gradients did not affect the temporal pattern of sap flux estimates, estimates of relative differences in branch and bole sap fluxes were robust against the presence of natural temperature gradients. We did not perform a similar analysis on white oak, but because of similar site environmental conditions and insulation methods for sap flux, similar impacts of natural temperature gradients were expected.
Three further methodological issues are important to note. First, it is possible that the use of two types of sap flux sensors (constant heat, heat balance) could lead to different estimated courses of diurnal sap flux (Köstner et al. 1996) . Although a comparison between the two sap flow methods has shown general agreement in the magnitudes and shapes of diurnal time courses of sap flux, the heat balance system showed greater sensitivity to atmospheric vapor pressure deficit than the constant heat sensors (Köstner et al. 1996) . We were unable to correct for such an effect in this work, but we note that, for each tree studied, a single type of sap flow system was used, to maintain consistency with respect to measurement technique at the whole-tree scale.
Second, to assess possible differences in the computational procedures for estimating stored water use in ponderosa pine versus Douglas-fir and white oak, additional estimates of stored water use in Douglas-fir and white oak were made based on the same analytical procedure used for ponderosa pine (i.e., analysis of nighttime fluxes as proportions of total daily water use). These additional analyses for Douglas-fir and white oak covered the same time periods during which analyses with bole and branch sensors were performed.
Third, we assumed that 24-h sums of crown water flux equal bole water flux (Schulze et al. 1985 , Pallardy et al. 1995 , Loustau et al. 1996 , Martin et al. 1997 , Phillips et al. 1997 , Goldstein et al. 1998 , Maherali and DeLucia 2001 . However, water content in trees often changes on daily and seasonal time scales (e.g., Hinckley and Bruckerhoff 1975 , Waring and Running 1978 , Waring et al. 1979 , Èermák and Nadezhdina 1998 . Estimates of daily use of stored water in this study do not reflect possible net daily changes in water content of trees. Implications of this assumption are discussed later.
Stomatal conductance and photosynthesis
To assess the impact of stored water on crown photosynthesis, we estimated daily photosynthesis in Douglas-fir by combining field measurements of crown-level stomatal conductance (G S , estimated by Phillips et al. 2002) with relationships between leaf-scale stomatal conductance (g s ; mol m -2 s -1 ) and photosynthesis (A; µmol m -2 s -1 ) obtained from another study performed at the same sites as our study (McDowell et al. 2002a) . These estimates were made in both saturating and non-saturating light during the growing season when above canopy photosynthetic radiation exceeded 400 µmol m -2 s -1 . Totals of 352 and 199 independent measurements of g s and A were made on foliage of at least three 60-m and three 15-m trees, respectively. Each measurement comprised the mean of three subsamples. Thus, although this approach employs leaf-scale measurements to estimate crown-level photosynthesis, the number of leaf-scale measurements was high and covered a large range of environmental variation. The resulting equations were: 
(r 2 = 0.63, P < 0.0001, 15-m trees).
Sapwood and leaf area estimates
The physical volume of sapwood that could function as a water storage reservoir was estimated for each study tree. Sapwood volume for stems of Douglas-fir trees was estimated from sapwood depth measurements 1.3 m above ground in combination with published values of sapwood taper for Douglas-fir (Domec and Gartner 2001, Spicer and . Sapwood volume for stems of ponderosa pine was estimated from sapwood depth measurements at a height of 1.3 m in conjunction with sapwood volume data for ponderosa pine reported by Pruyn et al. (2002) . Because of a lack of available sapwood volume data for Oregon white oak, stem sapwood volume for this species was assumed to taper as in Douglas-fir; however, the limitation of this assumption is recognized. To quantify how much leaf area could be supported by water storage, leaf area estimates were made for each study tree. For Douglas-fir and ponderosa pine trees, leaf area was obtained from the allometric relationships between sapwood area and leaf area described by McDowell et al. (2002b) and Ryan et al. (2000) , respectively. Leaf area estimates for Oregon white oak trees were obtained by multiplying sapwood areas of each tree by leaf area/sapwood area ratios determined in each of the two groves (0.37, SE = 0.01 m 2 cm -2 and 0.23, SE = 0.02 m 2 cm -2 , for the 25-m and 10-m groves, respectively).
Data analysis
For all species and for each day with data for large and small trees of each species, differences in ratios of storage flux to transpiration were evaluated by the Student's t-test, with trees as replicates. Variance in tree-level water flux was considered to result primarily from the variance in sap flux density, J S , and not variance in sapwood area, because sapwood area was determined directly for each study tree. Because of low replication in the 60-m Douglas-fir trees (n = 2, and for only a subset of the record), the standard deviation of the storage flux to transpiration ratio was assumed to equal the difference between the ratios of the two trees during days when data were available for both trees.
Results
The time series of water fluxes in crowns and boles showed that larger trees used a greater proportion of internal water storage in total daily water use than smaller trees (Figures 1  and 2 ). This difference was observed in both the early and late growing season (Figures 1 and 2) . Late-season drought increased the dependency of both smaller trees (except for Douglas-fir) and larger trees on internal water stores (Figure 3) , but more so in larger trees (Figure 3) . In tall Douglas-fir trees, the proportion of daily water use obtained from storage increased from 20% in the early season to 25% in the late season, whereas small trees maintained a uniform average of 7.2%. Differences in stored water use between 15-m and 60-m Douglas-fir trees were highly significant ( Figure 3A , lower panel). In tall Oregon white oak, the proportion of daily water use obtained from storage increased from 10% in the early sea-son to 23% in the late season, whereas small oak trees showed an increase from 9% in the early season to 13% in the late season. Differences in stored water use by 10-m and 25-m white oak were significant during the late season (with the exception of the last few measurement days when total daily fluxes were low), but not early in the season ( Figure 3B, lower panel) . In tall ponderosa pine trees, the proportion of daily water use obtained from storage increased curvilinearly from 4.0% in the early season to 20% in the late season, whereas short trees showed an increase from 1.5% in the early season to 4.4% in the late season. Differences in stored water use by 12-m and 36-m ponderosa pine were generally significant throughout the season ( Figure 3C, lower panel) . Nonsignificant differences were usually associated with cloudy days when total daily water flux was relatively small. Table 2 summarizes the seasonal means of these quantities of stored water.
Estimates of water storage for the study species could depend on whether analyses used nighttime water flux divided by total 24-h flux (ponderosa pine), or sums of instantaneous differences between branch and bole sap flux sensors (Douglas-fir and Oregon white oak). When the method for computing use of stored water in ponderosa pine was applied to Douglas-fir and Oregon white oak, results were in general agreement with the analyses for Douglas-fir and white oak TREE PHYSIOLOGY ONLINE at http://heronpublishing.com based on bole and branch sap flux data. In large Douglas-fir, use of the nighttime water flux divided by total 24-h flux method yielded estimates of percent stored water use from 19% in the early season to 22% in the late season (compared with 20 to 25% estimated by the branch-bole method, cited above). Small Douglas-fir trees showed a mean stored water use of 10% (compared with 7% cited above) and, consistent with the prior results, the percentage did not increase over the growing season (P = 0.66). Percent water storage in large white oak estimated by the nighttime water flux divided by total 24-h flux method ranged from 7 to 22% from early to late season (compared with 10 to 23% cited above); and small white oak trees used 7 to 15% stored water from early to late season (compared with 9 to 13% cited above).
Discussion
We found that the discharge and recharge of stored water on a diel time scale constitutes a significant portion of the total daily tree water uptake, and that dependency of trees on stored water on diel time scales increases with both tree size and drought. Longer term (days to weeks) changes in the water content of trees, which could contribute substantially to the total water storage capacity, were not considered in this study. It is difficult to assess what proportion of diurnal water use can be attributed to long-term depletion of tree water content. For example, Schulze et al. (1985) found no differences in total daily water flux at the base of the live crown of a 20-m-tall Larix leptolepis × decidua tree, indicating complete recharge over a 24-h period. In contrast, Constantz and Murphy (1990) found large daily changes in wood water content in a Juglans regia L. tree after an irrigation event. Similarly, Waring and Running (1978) show that sapwood relative water content (volume of water divided by volume of air spaces in sapwood) in large Douglas-fir trees can decrease by as much as 5% per day on clear days of high evaporative demand immediately after substantial rain events. For our large Douglas-fir trees, we calculated that such a change represents a net daily water loss of about 28 kg, compared with a maximum daily water use of 395 kg, or 7% of total daily water use. However, this value likely represents an upper limit to the contribution of longterm water storage to daily transpiration, because our study concentrated on relatively late-season conditions when there was little rainfall at any of the study sites (for oak, 19 mm fell in 51 days; for pine, 28 mm fell in 90 days; for Douglas-fir, 69 mm fell in 42 days in the case of 60-m trees, and 12 mm fell in 49 days in the case of 15-m trees). Data from Waring and Running (1978) show little change in relative water content of 242 PHILLIPS, RYAN, BOND, MCDOWELL, HINCKLEY AND ÈERMÁK TREE PHYSIOLOGY VOLUME 23, 2003 large Douglas-fir trees after the large short-term responses to rain events. Nevertheless, the water storage data from this study should be considered conservative in that they exclude contributions of net daily water content changes, as well as contributions from bark, roots, small branches, and foliage. Other studies have found large contributions to total tree capacitance from both foliage (Zweifel et al. 2001 ) and upper branches (Schulze et al. 1985) . Increased use of stored water in larger trees could be an adaptation to, or simply a consequence of, tree size. As trees grow, the ratio of girth to height generally increases (Niklas 1994) , presumably as an adaptation for mechanical stability. A byproduct of this structural change in trees is an increase in the bole volume to height ratio, which may result in an increased water storage capacity. However, our estimates of sapwood volume to total bole volume indicate that smaller trees had larger ratios of sapwood volume to bole volume than larger trees (P < 0.00001, Figure 4A ). If water storage were simply a byproduct of this structural difference between large and small trees, we would predict less, not more water storage capacity relative to tree size as tree size increases. An indication that water storage is more likely an adaptation to hydraulic constraints of tree size is shown by the ratio of tree sapwood volume to leaf area ( Figure 4B ). Larger trees had significantly greater ratios of sapwood volume to crown leaf area than smaller trees (P < 0.00001). Increases in sapwood volume to leaf area ratio were matched by increases in the mean seasonal ratio of daily storage flux to daily transpiration ( Figure 5 ), although relationships differed among species. Thus, it appears that larger trees have a greater water storage capacity relative to water use than smaller trees. Furthermore, water in sapwood of large trees may have a less negative water potential and hence be more easily released to the transpiration stream than in smaller trees (Domec and Gartner 2001) . A reduced leaf area/sapwood area ratio in larger trees has previously been cited as an adaptation to reduce leaf specific hydraulic resistance in tall trees (McDowell et al. 2002b) or to counteract climatic stress (Maherali and DeLucia 2001) . Our study suggests that a reduced leaf area/sapwood volume ratio may also be an adaptation to the hydraulic constraints imposed by increasing tree size that allows greater use of stored water relative to total daily water use. This appears to be inconsistent with a previous finding that, in ponderosa pine, increases in leaf area/sapwood area ratio with increasing tree size serves primarily to improve tree leaf specific hydraulic conductance (Maherali and DeLucia 2001) . However, conditions in that study were substantially different from those in our study, including large differences in tree sizes and climate (cf. Maherali and DeLucia 2001) . Nevertheless, the relative insensitivity of water storage flux in ponderosa pine to sapwood volume/leaf area ratio ( Figure 5 ) lends support to the conclusion of Maherali and DeLucia (2001) that the primary significance of reduced leaf area/sapwood area ratio with increasing tree size in ponderosa pine is that it improves leaf specific hydraulic conductivity.
In tall trees, we found that the use of stored water was concentrated in morning and early afternoon hours (Figure 1 ), during times of high solar irradiance. For example, mean above-canopy photosynthetic radiation during withdrawal of stored water in Douglas-fir was 1100 µmol m -2 s -1 (SD = 510 µmol m -2 s -1 ) versus 570 µmol m -2 s -1 (SD = 370 µmol m -2 s -1 ) during daytime storage recharge. Assuming that canopy light declines according to the Beer-Lambert law with a light extinction coefficient of 0.5 (Waring and Running 1998) , mean irradiance during withdrawal of stored water would allow photosynthetically saturating radiation of about 400 µmol m -2 s -1 (Leverenz 1981) to penetrate twice as deep into the canopy (two leaf area index units) as during recharge. Thus, use of stored water occurs during daytime periods when conditions are most conducive for photosynthesis.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com In Douglas-fir, the differential effect of stored water use on daily photosynthesis with tree size was substantial. Throughout the growing season, use of stored water allowed an average of 18% more photosynthesis to occur in the 60-m tree than if crown flux were constrained to match the time course of bole flux (i.e., 20.0 versus 16.9 mg C s -1 ). For the three 15-m trees, an average of 10% of diurnal estimated photosynthesis was supported by the use of stored water (1.85 mg versus 1.68 mg C s -1 ).
The net carbon balance of the old Douglas-fir forest of this study may vary between negative and positive (Harmon et al., unpublished data) . Foliage of the old growth trees was estimated to account for over 90% of total ecosystem net assimilation (Harmon et al. 2002) . Based on estimates of net ecosystem production and net assimilation of foliage of old growth trees at this site (Harmon et al. 2002) , a loss of the 18% of assimilation that we attribute to stored water use, would shift the mean net ecosystem production from slightly positive to negative. However, our small sample size precludes useful inferences about the ecosystem level consequences. Nevertheless, our results show that, at the tree scale, changes in tree water storage with size may compensate to a significant degree for increased path length resistance and gravity (Phillips et al. 2002) .
